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Herbivore induced plant volatiles (HIPVs) are specific volatile organic compounds (VOC)
that a plant produces in response to herbivory. Some HIPVs are only produced after
damage, while others are also produced by intact plants, but in lower quantities. Among
the known functions of HIPVs are within plant volatile signaling to activate systemic plant
defenses, the priming and activation of defenses in neighboring plants and the attraction
of natural enemies of herbivores. When released into the atmosphere a plant’s control
over the produced compounds ends. However, many of the HIPVs are highly reactive with
atmospheric oxidants and their atmospheric life times could be relatively short, often only
a few minutes. We summarise the potential ecological and atmospheric processes that
involve the reaction products of HIPVs in their gaseous, liquid and solid secondary organic
aerosol (SOA) forms, both in the atmosphere and after deposition on plant surfaces.
A potential negative feedback loop, based on the reactions forming SOA from HIPVs and
the associated stimulation of sun screening cloud formation is presented. This hypothesis
is based on recent field surveys in the geographical areas facing the greatest degree
of global warming and insect outbreaks. Furthermore, we discuss how these processes
could benefit the individual plant or conspecifics that originally released the HIPVs into the
atmosphere. Further ecological studies should aim to elucidate the possible reasons for
biosynthesis of short-lived volatile compounds to have evolved as a response to external
biotic damage to plants.
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INTRODUCTION
Most vascular plants constitutively emit volatile organic com-
pounds (VOCs), but emissions may substantially increase
and diversify under conditions of abiotic and biotic stress
(Holopainen and Gershenzon, 2010). Feeding by herbivores was
found to induce the emission of novel volatile compounds often
referred to as herbivore-induced plant volatiles (HIPVs) (Hare,
2011) that attract natural enemies of the herbivores. This was
shown for the first time in seminal studies conducted with spi-
der mites and predatory mites by Dicke and Sabelis (1988) and
with moth larvae and parasitic wasps by Turlings et al. (1990).
Since the first studies of plant volatiles, interest in the synthesis
and control of volatiles by plants and their ecological and atmo-
spheric functions have increased substantially (Dicke and Loreto,
2010) and several other ecophysiological and ecological effects
of constitutive and inducible plant volatiles have been described
(Laothawornkitkul et al., 2009; Holopainen and Gershenzon,
2010; Loreto and Schnitzler, 2010; Peñuelas and Staudt, 2010).
HIPVs are often expected to increase the fitness of the emitting
plant either directly or indirectly (Dicke, 2009). Direct defense
reduces herbivore approach and attack or decreases the herbi-
vore’s consumption rate, but the roles of HIPVs could be compli-
cated. For instance, the ratios of compounds in the typical HIPV
profiles of Quercus robur trees correlate with the tree’s suscepti-
bility to herbivore damage (Ghirardo et al., 2012). Trees repre-
sentive of an herbivore-resistant phenotype emitted HIPVs that
included the sesquiterpenes α-farnesene and germacrene D and
were avoided by females of the defoliating moth Tortrix virid-
ian (Ghirardo et al., 2012). However, in the same outbreak area
trees emitting other typical HIPVs including the monoterpene
β-ocimene and homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT) were susceptible and were largely defoliated (Ghirardo
et al., 2012).
Indirect defense involves the recruitment of natural enemies of
herbivores to increase predation or parasitism rates and eventu-
ally reduce damage. Many laboratory reports have given support
to this hypothesis (Hare, 2011). However, there is scarce field-
based -evidence that attraction of natural enemies by HIPVs
actually reduces herbivore populations (Kessler and Baldwin,
2001). Furthermore, studies to show improved Darwinian fitness
in plants emitting HIPVs, i.e., more offspring in the next gener-
ation, are lacking (Hare, 2011). A current ecological view of the
role of HIPVs is as components of a wider infochemical web,
including e.g., pollinators and root synergists, that overlay the
food webs of a community rather than simply defending against
attackers or attracting carnivores (Dicke and Baldwin, 2010).
Ghirardo et al. (2012) concluded that for Q. robur, the strat-
egy of emitting herbivore-repellent rather than natural enemy
attracting HIPVs, appears to be the better mechanism for avoid-
ing defoliation. However, when plants are influenced by a diverse
community of chewing and sucking herbivores, a single HIPV
compound could be an efficient repellent against one herbivore,
but act as an attractant of another herbivore and many of the
community’s predators and parasitoids (Xiao et al., 2012).
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HIPVs are not only emitted by aboveground parts of plants.
Many plant species have an extensive root system where HIPV-
releasing resins are stored (Kivimaenpää et al., 2012) or HIPVs
synthesized (Degenhardt et al., 2009) and released in the soil
air space and eventually to the atmosphere. Root feeding by
herbivores induces the emission of HIPVs by the root system,
which act as belowground attractants for parasitic nematodes
(van Tol et al., 2001; Rasmann et al., 2005). Aboveground her-
bivory also has a systemic impact on belowground HIPV pro-
duction and vice versa (Erb et al., 2009). Defoliation of Pinus
syvestris by diprionid sawflies induced substantial HIPV emis-
sions from the shoots, but resulted in significant reduction in
monoterpene and sesquiterpene emissions from the root sys-
tem (Ghimire et al., 2013). This was expected to be related to
reduced carbon allocation to below-ground parts after defolia-
tion. Arbuscular mycorrhizal (AM) infection of bean plant roots
affected the HIPV composition emitted by foliage by making it
less attractive to predators (Schausberger et al., 2012), whereas
an ectomycorrhizal (EM) root symbiont did not affect the ter-
pene pool of pine needles (Manninen et al., 1998). These studies
highlight the complex and systemic nature of HIPVs and the need
for a holistic view of a plant’s volatile emissions and their various
related roles.
HIPV compounds typically have relatively short atmospheric
lifetimes after release from plants, which may limit the efficiency
with which they attract natural enemies of herbivores andmediate
other ecological interactions (Yuan et al., 2009). However, reactive
VOCs have various functions in the atmospheric processes, such
as formation of ozone in NOx polluted atmospheres (Atkinson
and Arey, 2003), formation of OH-radicals (Mentel et al., 2009),
formation of organic nitrates (Pratt et al., 2012) and formation
of secondary aerosols (SOA) (Joutsensaari et al., 2005; Kiendler-
Scharr et al., 2009; Mentel et al., 2009; Virtanen et al., 2010).
Laothawornkitkul et al. (2009) divided the various functions of
plant VOCs into three broad categories; biological, chemical and
physical.
In this review we focus on the different roles and fate
of inducible VOC molecules after release from the VOC
synthesizing plant including biological, chemical and physical
aspects. Furthermore, we discuss why biosynthesis and emis-
sion of short-lived volatile compounds has evolved as a general
response to external biotic damage to plants. We will pay atten-
tion to the biological and ecological role of VOCs post-emission
and their atmospheric reaction products. These effects may take
place in their gaseous, liquid and solid organic particulate forms
in the atmosphere, but probably also after deposition on plant
surfaces. We also discuss how the post-emission reaction prod-
ucts of VOCs may improve plant fitness. Finally we try to present
the potential routes that the carbon fixed by a plant and bound in
VOC molecules will ultimately take.
MAJOR GROUPS OF HIPVs
The majority of the typically documented herbivore-induced
plant volatiles can be classified in three major chemical groups
based on their biosynthesis pathways or their known within-
plant functions (Holopainen and Gershenzon, 2010). First, and
the dominating group of constitutively emitted VOCs and HIPVs
in many plant species, are the terpenoids, which are produced
by two separate pathways, one active in plastids (MEP) and
one (MVA) in the cytosol (Loreto and Schnitzler, 2010; Maffei,
2010). The volatile terpenoids (Figure 1) include the five car-
bon (C5) isoprene molecule and a range of molecules comprising
various multiples of this basic C5 unit, including monoter-
penes (C10), homoterpenes (C11 or C16) and sesquiterpenes
(C15). The second group is the C6 lipoxygenase (LOX) prod-
ucts better known as Green Leaf Volatiles (GLVs). GLVs, such as
(Z)-3-hexenal and (Z)-3-hexenyl acetate are compounds released
after mechanical or other destructive damage to cell membranes
(Maffei, 2010; Holopainen, 2011). The third group is the volatile
aromatic compounds such as methyl salicylate and indole pro-
duced by the shikimate pathway and containing an aromatic ring
(Maffei, 2010). In addition to these three main groups there are a
multitude of other volatile compounds that are specific to vary-
ing degrees such as to an order, genus or species. The volatile
plant hormone ethylene has often been considered an inducible
volatile and has several functions in plant physiological processes
FIGURE 1 | Examples of molecular structures of isoprenoid HIPVs showing double bonds.
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and growth, while membrane-bound ethylene receptors are well
known (Holopainen and Gershenzon, 2010).
HIPVs can also be classified based on their volatility or the
atmospheric life times of the compounds in atmospheres with
standardized levels of reactive scavengers such as ozone (O3),
nitrate (NO3) or hydroxyl (OH−) radicals (see Holopainen, 2011;
Holopainen et al., 2013 and Table 1). These scavengers appear in
higher concentrations in polluted air, but they are common in
ambient air and are involved in important chemical and phys-
ical processes in the atmosphere. Significantly, plant VOCs also
participate in their formation (Hallquist et al., 2009). A greater
number of C-C double bonds in the VOC molecules (Figure 1)
will make them more prone to reactions with atmospheric rad-
icals, degrade faster and form more particles (Hoffmann et al.,
1997; Atkinson and Arey, 2003; Pinto et al., 2010).
SUCCESSION OF INDUCED VOCS
When a plant is attacked by a herbivore, there is a succession of
different inducible volatile compounds appearing in the emis-
sion bouquet. Inducible defenses of herbivore-attacked plants
involve herbivore perception, transcriptional responses, protein
formation and biosynthetic responses (Dicke, 2009). In plant
species storing a constitutively synthesized volatile mixture, these
compounds will volatilize very rapidly upon rupture of storage
structures such as glandular trichomes and constitute the first
response to external damage (Jansen et al., 2011). In this case
the emission is the result of mechanical injury, which will occur
before the attacker induces the biosynthesis of volatiles in grow-
ing plant tissues. The GLV emissions have a time lag between
herbivore-feeding and compound emission of from just a few
seconds to several minutes and these compounds show very rapid
response to mechanical or biological damage to cell membranes.
The C18 fatty acids of membranes are cleaved to C12 and C6
compounds by hydroperoxide lyases with 3-Z-hexenal (aldehyde)
being the first C6 GLV compound synthesized by the lipoxy-
genase (LOX)/lyase pathway (Maffei, 2010). This compound is
then converted to other common C6 GLVs such as (E)-2-hexenal
(aldehyde), 3-hexenol (alcohol) and (Z)-3-hexenyl acetate (ester)
(Shiojiri et al., 2006). Geometrid moth feeding induces emissions
of GLVs, which peak soon after larval feeding starts on decidu-
ous tree foliage (Blande et al., 2007), while on-line monitoring of
HIPVs shows that GLV peaks can even reveal the timing of larval
feeding periods (Schaub et al., 2010).
Continuous mechanical injury (Mithofer et al., 2005), oral
secretions of herbivores (Turlings et al., 1990), plant cell mem-
brane damage by biotrophic fungal leaf pathogens (Toome et al.,
2010; Jansen et al., 2011) or bacterial pathogens (Yi et al., 2009)
elicit signal transduction pathways that are mediated by phyto-
hormones such as jasmonic acid (JA) and ethylene in the case of
chewing herbivores, salicylic acid (SA) and ethylene in the case
of fungal pathogens and result in the synthesis of typical HIPV
terpenoids and aromatic compounds (Jansen et al., 2011). There
is variability in the succession of different herbivore-induced
terpenoid emissions, which could be partly due to variable allo-
cation of precursors into the different biosynthesis pathways.
Biosynthesis of the homoterpene (E)-DMNT, for example, could
originate predominantly from the MVA-pathway in herbivore-
stressed plants, while the fungal elicitor alamethicin stimulates
the biosynthesis of (E)-DMNT via the MEP-pathway (Bartram
et al., 2006). In Alnus foliage damaged by geometrid moths,
Table 1 | Examples of typical herbivore induced plant volatiles (HIPV) and their estimated atmospheric life times in the detected
concentrations of three major reactive air pollutants in less polluted areas.
HIPV compounds and their estimated
atmospheric life times
Atmospheric pollutants <10min 10min–1 h 1h–24h <24h
Ozone (O3) β-Caryophyllene cis-/trans-Ocimene,
Linalool,
DMNT, TMTT
β-Farnesene
α-Pinene, β-Phellandrene,
Limonene
cis-3-Hexenyl acetate,
cis-3-Hexen-1-ol,cis-3-Hexenal1)
METHYL SALICYLATE
Hydroxyl radical (OH) cis-/trans-Ocimene,
β-Phellandrene, Limonene,
Linalool, β-Caryophyllene,
DMNT, TMTT
α-Pinene,
cis-3-Hexenyl acetate,
cis-3-Hexen-1-ol
cis-3-Hexenal
METHYL SALICYLATE
Nitrate radical (NO3) α-Pinene, cis-/trans-Ocimene,
β-Phellandrene, Limonene
Linalool,
β-Caryophyllene DMNT, TMTT,
β-Farnesene METHYL
SALICYLATE
cis-3-Hexenyl acetate,
cis-3-Hexen-1-ol
Monoterpenes (normal font), sesquiterpenes (bold font), homoterpenes (capital font), GLVs (underlined) and aromatic compounds (small caps)
Data is compiled from the following sources: Atkinson and Arey (2003), Arneth and Niinemets (2010), Roger Atkinson, personal communication., Ulo Niinemets,
personal communication, Canosa-Mas et al. (2002), Holopainen et al. (2013).
Pollutant concentrations used were O3: 30 ppb 24-h average, OH: 0.074 pmol mol−1 12-h average, NO3: 9.3 pmol mol−1, 24-h average. OH concentrations can be
measured mostly in day time and NO3 only in night time, due to solar UV-radiation (Holopainen et al., 2013).
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emissions of (E)-β-ocimene and (E)-DMNT peaked on day 3
(Copolovici et al., 2011). In the same study the emission kinetics
of the sesquiterpene (E,E)-α-farnesene tended to be biphasic with
peaks on days 2 and 4 after the start of larval feeding. Emission
rates of the induced LOX products, (E)-β-ocimene and (E,E)-α-
farnesene were positively correlated with the number of larvae
feeding (Copolovici et al., 2011).
Variation in the feeding strategies of herbivores can result in
profound variation in the volatiles emitted by damaged plants.
Herbivores that feed via stylets, such as aphids, inflict appar-
ently minor mechanical damage, but still induce the emission
of a rich blend of volatiles including both GLVs and terpenoids
(Gosset et al., 2009). Sustained feeding by aphids and colony
growth can also result in large increases in emission of methyl
salicylate (Blande et al., 2010), which can take several days to
start appearing in emission bouquets. The volatiles induced by
chewing herbivores can vary with the life stage of the herbivore,
with early instars (first to fourth) of Pseudaletia separata lar-
vae inducing different volatile bouquets to larger more advanced
larvae (fifth to sixth instars) (Takabayashi et al., 1995). In this
case, foraging parasitoids are able to distinguish between the
volatile blends induced by potential host larvae (the younger
instars) and larvae that are too old to be used as hosts and
may actually constitute a threat through their aggressive defen-
sive behaviors (Takabayashi et al., 1995). In an alternative system,
with Pieris brassicae feeding on Brussels sprouts, Cotesia glomer-
ata parasitoids do not appear to determine larval instar through
volatile emissions, but can determine presence of suitable hosts
through other cues on infested leaves, without necessarily con-
tacting the host itself (Mattiacci and Dicke, 1995). Elicitors in
the saliva of the herbivores are responsible for alterations in the
herbivore-induced blend, the specificity and range of which can
vary (Mattiacci and Dicke, 1995; Takabayashi et al., 1995; Roda
et al., 2004). It has also been shown that deposition of eggs by
the Brassica specialising Lepidopteran Pieris brassicae can induce
changes in the expression of hundreds of genes (Little et al., 2007;
Fatouros et al., 2008) and emission of volatiles that are attractive
to its parasitic wasps (Fatouros et al., 2012).
In Salix hybrid plantlets infected with Melampsora epitea leaf
rust fungi, the total monoterpene emissions did not change
although a stress-signaling compound (Z)-β-ocimene showed an
increase in infected plants on several days. The infection also
increased the emission of sesquiterpenes and LOX products by
factors of 175-fold and 10-fold, respectively (Toome et al., 2010).
The induced VOCs showed two clear peaks during the exper-
iment; at 6–7 and 12 days post-infection, whereby the relative
volatile emission signal increased to about 6-fold that of unin-
fected plants. Peak emission periods were directly connected to
rust infection with day 6 corresponding with the appearance of
the first rust pustules on the leaves and day 12 corresponding with
necrosis developing around several pustules (Toome et al., 2010).
Isoprene -a major biogenic VOC released from vegetation—
and some monoterpenes are constitutively emitted, but are
induced by elevated temperatures, which can greatly enhance
the overall emission of these compounds (Loreto and Schnitzler,
2010). Of these compounds, isoprene in particular is not induced
by fungal pathogens or insect feeding. Toome et al. (2010)
reported that isoprene emissions from Salix hybrids with rust-
infected leaves decreased 3-fold compared to controls, Ghirardo
et al. (2012) found that Tortrix viridiana larval feeding did not
affect isoprene emissions from Quercus robur and Blande et al.
(2007) found that emission of isoprene in Populus hybrids did not
respond significantly to geometrid moth or leaf weevil feeding.
Several studies have implicated the blend of volatiles emitted
by plants either constitutively, or after herbivore-damage, to play
an important role in the behavior of foraging insects. Aphids in
particular have been shown to utilize blends of volatiles emitted
by undamaged plants as host location cues (Bruce and Pickett,
2011; Webster, 2012), while parasitoids have also been shown to
utilize chemical blends to locate their hosts (Pareja et al., 2009;
Clavijo McCormick et al., 2012). It is clear that the blend emit-
ted by plants can evolve as the degree of herbivore-induced stress
changes. Differences in degradation rates of certain chemicals
could result in rapid changes to the blend, by reducing the pro-
portions of compounds relative to each other (Pinto et al., 2007a),
which could render the blend less effective as a cue for foraging
insects (Pinto et al., 2007b).
KNOWN FUNCTIONS AND EFFECTS OF HIPVs
HIPVs AND PLANT ADAPTATION TO ABIOTIC STRESSES
Emissions of plant volatiles are strongly dependent on physi-
cal conditions and the changes in these conditions could rapidly
“induce” emissions or alter emission dynamics. Ambient temper-
ature and light conditions affect synthesis and emissions of ter-
penoids particularly strongly (Niinemets et al., 2004). Emissions
of many HIPVs are also induced by a range of abiotic fac-
tors such as drought, CO2 level and ozone (Vuorinen et al.,
2004; Dicke and Loreto, 2010; Peñuelas and Staudt, 2010).
However, inducibility of HIPVs can be affected by environmen-
tal conditions during attack by herbivores (Gouinguene and
Turlings, 2002; Holopainen and Gershenzon, 2010). In plant
leaves isoprene and monoterpenes have been shown to protect
the photosynthetic apparatus of plants from damage under high
temperature episodes and maintain the photosynthetic capac-
ity under temperature increase (Behnke et al., 2007; Loreto and
Schnitzler, 2010).
WITHIN PLANT SIGNALS
If HIPVs are considered to improve the fitness of a unitary
plant, their role in signaling between vascularly separate parts of
an individual could be one of their primary functions (Karban
et al., 2006; Frost et al., 2007; Rodriguez-Saona et al., 2009;
Shiojiri et al., 2009). Such observations, whereby volatile sig-
naling between herbivore-damaged and intact branches results
in unwounded branches being better protected against subse-
quent herbivore-attack, have been made in several plant species,
including lima bean, blueberry, sagebrush and hybrid poplar
(Karban et al., 2006; Frost et al., 2007; Heil and Silva Bueno,
2007; Rodriguez-Saona et al., 2009). The relevant signals might
be mixtures of HIPVs (Rodriguez-Saona et al., 2009) or single
compounds such as the GLV (Z)-3-hexenyl acetate (Frost et al.,
2008). When distant parts of a plant are exposed to a HIPV sig-
nal, priming of defenses might occur. This involves expression of
defense genes being primed upon receipt of a volatile signal and
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plants subsequently responding more vigorously to herbivore-
attack than non-primed plants (Engelberth et al., 2004; Heil and
Kost, 2006; Kessler et al., 2006; Heil and Silva Bueno, 2007; Frost
et al., 2008). The advantage of volatile signaling is that it func-
tions between vascularly disconnected plant parts, but also acts
as a more rapid method of communication than vascular signals
(Frost et al., 2007).
HIPVs IN PLANT TO PLANT SIGNALLING
HIPVs that elicit defense responses within-plant may also prime
or induce defenses in neighboring plants (Karban et al., 2003,
2006; Heil and Kost, 2006). This process has been observed to
occur between conspecific (Karban and Shiojiri, 2009) and het-
erospecific individuals (Heil and Karban, 2010). Interestingly,
VOCs from undamaged plants have also been shown to have an
impact on the defenses of their neighbors, which indicates that it
is not always the specific HIPVs that are responsible for inducing
defenses (Glinwood et al., 2004, 2009). The mechanisms involved
in volatile mediated plant-plant interactions have yet to be fully
elucidated, although we are now seeing regular demonstrations of
the complexity of the process. In sagebrush, plant-plant signaling
has been shown to be more efficient between clonal cuttings of
the same plant than between non-clonal conspecifics (Karban and
Shiojiri, 2009; Karban et al., 2013). This indicates a degree of self
or kin recognition to occur in receiver plants. It was also recently
shown that hybrid aspen exposed to damaged neighbors tem-
porally regulate two indirect defense responses, the emission of
VOCs and the secretion of extra-floral nectar (EFN). EFN secre-
tion was induced by the exposure, but not primed, whereas the
emission of HIPVs was primed but not immediately induced by
the exposure (Li et al., 2012), which further indicates complexity
in the responses of plants to volatile signals.
The mechanisms of volatile-mediated interactions between
plants require further elucidation, but there is some knowledge
about the relevant signaling compounds. As for within-plant sig-
naling, the GLVs and particularly the compound (Z)-3-hexenyl
acetate have been implicated as providing a key signal (Kost and
Heil, 2006). Other GLVs can also induce defenses in receiver
plants, but in lima bean they reduce in efficiency as a signal the
more they differ from (Z)-3-hexenyl acetate, which is the main
GLV emitted by that species (Heil et al., 2008). A recent study
of early responses to volatile signals by tomato receiver plants
has shown that a range of volatile compounds induce depolar-
ization of plasma membranes and cytosolic calcium flux, with
green-leaf volatiles and low molecular weight molecules having a
stronger impact on these responses than higher molecular weight
compounds such as monoterpenes and sesquiterpenes (Zebelo
et al., 2012). These early plant responses combined with the accu-
mulating evidence in support of gene transcriptional changes in
response to volatile signals could be essential in understanding the
mechanisms of plant-plant signaling.
A longer exposure period and greater accumulation of HIPV
compounds from damaged neighboring plants results in a greater
degree of resistance against bacterial plant pathogens (Angeles
Lopez et al., 2012; Giron-Calva et al., 2012) and herbivorous
mites (Choh et al., 2004). This suggests that the occurrence of
plant-plant signaling under natural conditions will be largely
dependent on the quantity of volatiles emitted by damaged plants,
the proximity of the receiver to the emitter, the sensitivity of
the receiving plant and the suitability of the environment for
transfer of signals. Indeed, under natural conditions the distances
over which plant-plant signaling occurs are rather short, usually
across distances of less than a meter (Dolch and Tscharntke, 2000;
Karban et al., 2003, 2006; Heil and Adame-Álvarez, 2010). Under
laboratory conditions the presence of ozone has been shown to
significantly reduce the distance of signaling in lima bean (Blande
et al., 2010).
VOCs IN DIRECT DEFENCE AGAINST HERBIVORES AND PATHOGENS
Direct defenses could affect behavior, performance or fecundity
of the attacker. In many plant species specific VOCs produced
by plants give them direct protection against feeding herbivores
by repelling them from attacking or by deterring feeding (Egigu
et al., 2011). Herbivore preference is often based on the rela-
tive proportions of constitutive volatile compounds such as the
ratios of α-pinene and β-pinene (Evans et al., 1991). A whole
blend of compounds that individually elicit negative responses
can be attractive to aphids searching for a host plant (Webster
et al., 2010). Feeding by a herbivore affects the proportions of
various constitutive VOCs (e.g., Blande et al., 2007) and may
thus influence the impact of HIPVs on herbivores. Specific VOCs
induced by biotic stress also have specific effects on the attacking
organisms, including, microbial pathogens or various herbivores.
HIPVs may also have a signaling effect, whereby they repel con-
specific individuals. It has been shown that female moths restrict
themselves from laying eggs on plants damaged by conspecific lar-
vae and that this decision is based on the recognition of HIPVs
(De Moraes et al., 2001). Such behavior has likely evolved to hin-
der overcrowding, but the opposite has been observed whereby
a mixture of major HIPVs is highly attractive to host seeking
oligophagous moth females (Sun et al., 2012). These traits could
have coevolved whereby egg induced volatiles attract herbivore
females over a longer distances and indicate that suitable host
plants and mating males are available in the habitat, but the final
oviposition decision involves avoidance of the actual HIPV emit-
ting plant in favor of neighbors. Utilization of foraging cues in this
way could involve a number of steps such as host habitat location,
host location, host recognition, host acceptance, host suitabil-
ity, host (regulation and) consumption, which is similar to the
classical six step framework for successful foraging by parasitoids
(Vinson, 1976).
Interactions between VOCs and pathogens have not been stud-
ied extensively, but there is indication that VOCs can reduce
pathogen growth. Monoterpenes (e.g., Tsao and Zhou, 2000)
and GLVs (Shiojiri et al., 2006) inhibit the growth of common
fungal leaf and fruit pathogens, while the sesquiterpene (E)-
β-caryophyllene has been shown to offer Arabidopsis thaliana
flowers a degree of defense against a bacterial pathogen (Huang
et al., 2012). Exposure to the GLV (Z)-3-hexenal, resulted in sig-
nificantly reduced lesions on Botrytis cinerea infected Arabidopsis
plants (Shiojiri et al., 2006). Repellent effects of HIPVs on plant
virus vectors such as aphids may result in lower infection rates
and reduce the spread of aphid-transmitted plant virus dis-
eases. However, HIPV traits can also be “hijacked” by some
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parasites. Cucumber mosaic virus is such a pathogen. Virus-
infected plants are poor food for virus transmitting aphids,
but the spread of viruses in a plant population requires feed-
ing by virus-transmitting vector insects. HIPV emissions make
infected plants attractive to two virus-vector aphid species. Brief
feeding periods on poor quality plants is enough for aphids
to receive the virus and then spread it onto healthy plants
(Mauck et al., 2010).
HIPVs IN INDIRECT PLANT DEFENCE—ATTRACTION OF NATURAL
ENEMIES OF HERBIVORES
The importance of HIPVs in attracting natural enemies of her-
bivores has been shown in numerous studies, mainly under
laboratory conditions. There are substantial differences in com-
position of HIPVs from the same plant depending on the type of
herbivore making the damage. For example, feeding by aphids has
been shown to induce emission of methyl salicylate more distinc-
tively than feeding by chewing herbivores (Blande et al., 2010).
Feeding by the generalist feeding spider mite Tetranychus urticae,
induced very distinctive HIPV blends from a range of different
host plants (Van den Boom et al., 2002), but the predatory mite
Phytoseiulus persimilis was still attracted to HIPVs from all of the
spider mite-damaged plant species (Van den Boom et al., 2004).
Generalist and specialist Cotesia spp. parasitoids of Brassicaceous
plants seem to lack specificity at the herbivore level, whereas
on the plant species level differences in HIPV attractiveness to
parasitoids have been found (Geervliet et al., 1994).
OTHER POTENTIAL FUNCTIONAL ROUTES OF HIPVs
The ecological functions of HIPVs described above have all
been established experimentally. All rely mechanistically on the
responses of a receiver organism to volatile emissions from a
plant that has been subjected to a degree of stress or stimulation.
While the volatile compounds remain intact they theoretically
constitute a signal that can be detected and potentially perceived
by organisms of the surrounding community. However, as soon
as the chemicals leave the plant there are a range of potential
fates or roles that could be played out. In the following sec-
tion those potential adaptive roles have been classified as roles
for intact HIPVs and for reaction products of HIPVs (Figure 2).
In practice, in the atmosphere HIPVs and constitutively emit-
ted VOCs cannot in most cases be separated from each other
and the following description concerns the mixture of both. The
following fates of VOCs and the corresponding functions are
suggested:
1. Intact volatiles travel in air currents and facilitate the interac-
tions detailed above
2. Intact volatiles, under certain environmental conditions, such
as cooling temperatures, adsorb to the surfaces of surrounding
vegetation including the emitting plant itself
3. Volatiles react in the atmosphere with ozone or other oxidants
and thus form degradation products which could give a spatial
and/or temporal dimension to the volatile signal
4. Volatiles react in the presence of NOx and sunlight to pro-
duce ozone plus other degradation products, which could have
lower volatility than the original VOCs
5. Degradation products of HIPVs can adsorb to plant surfaces
or nucleate in the atmosphere to form secondary organic
aerosol (SOA)
6. SOA particles could deposit on plant surfaces and have further
ecological effects.
ADSORPTION OF HIPVs ON NEIGBOURING PLANT SURFACES
It has been shown that species specific semivolatile VOCs emitted
constitutively by plants can be adsorbed to the surfaces of neigh-
boring plants (Himanen et al., 2010). There is also evidence that
constitutively emitted VOCs, particularly monoterpenes, can be
taken up through the stomata of neighboring plants (Noe et al.,
2008; Bamberger et al., 2011). So far the ecological and eco-
physiological functions of these “borrowed” VOCs are not well
known, although there is evidence that the adsorbed compounds
can protect receiver plants against herbivores (Himanen et al.,
2010) or improve indirect defense against herbivores by attract-
ing predators (Choh et al., 2004). Furthermore, we do not know
what proportions of VOCs released by plants are adsorbed onto
the surfaces of their own foliage. During the day time leaf sur-
faces are often warmer than the surrounding air, thus some of
the semivolatile compounds will possibly ‘bounce’ between the
warmer leaf surface and the colder air before condensation takes
place on the colder leaf surface at night.
There is evidence that during colder night-time tempera-
tures semi-volatile sesquiterpenoids condensate on neighboring
plant surfaces. In the following morning these compounds were
emitted at higher rates than any endogenous VOC compound
(Himanen et al., 2010). In the afternoon the concentration of
adsorbed compounds on leaf surfaces was rapidly decreased, due
to evaporation from the surface as the temperature warmed. This
temperature dependent behavior of sesquiterpenoids makes them
an ecologically very interesting group of VOCs, because after
adsorption to neighboring plant surfaces theymay give protection
against herbivores which attack during the late evening, night and
early morning. Another important group of HIPVs, GLVs, did
not show any evidence of accumulation on tested glass surfaces
at +12◦C or higher temperatures (Schaub et al., 2010).
ATMOSPHERIC REACTIONS OF HIPVs AND THEIR CHEMICAL
TRANSFORMATION
After release from the plant leaf tissue, either to be adsorbed
to the leaf surface or disperse into the atmosphere, HIPVs are
exposed to UV-radiation and various reactive gases which con-
strain their lifetimes (Kroll and Seinfeld, 2008). Therefore, the
ecological functions of the original compounds synthesized by
plants will only be active for a limited time, which depends on
the dispersal and reactivity of the compound. There could be fur-
ther potential ecological roles of HIPVs that are related to their
relatively high reactivity and the properties of the rapidly formed
reaction products, which include various gaseous compounds
with lower volatility (Kroll and Seinfeld, 2008) and formation
of solid nanoparticles (Joutsensaari et al., 2005; Virtanen et al.,
2010) in secondary organic aerosols (SOA). Many of the iso-
prenoid oxidation products are known to be unpleasant smelling
and tasting aldehydes, ketones and organic acids in gaseous
or particulate form. For example, smaller SOA nanoparticles
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FIGURE 2 | The functions and fates of VOCs are depicted at three
levels; community, ecosystem/biome and atmosphere-biosphere.
The passages of HIPVs are indicated by broken black arrows, while
the passages of constitutively emitted VOCs (cVOCs) are indicated by
solid blue arrows. At the community level, the functions of HIPVs
include signaling from herbivore-damaged plants to plant parasites,
natural enemies of the parasites and neighboring plants. Signalling
within-plant via HIPVs from older leaves to younger leaves is also
indicated. cVOCs are also known to be involved in host location
behaviors of various plant parasites and in signaling between plants.
These interactions can generally be considered as mediated by intact
volatile compounds emitted by the damaged plants. After emission
from plants cVOCs and HIPVs enter the atmosphere-biosphere level
where they undergo various reactions that see them either re-enter
the community level or have consequences on the ecosystem/biome
level. In the atmosphere VOCs are influenced by ozone (O3), hydroxyl
radical (OH) or nitrate radical (NO3). VOCs may lose their volatility in
colder night temperatures and become sticky compounds, which may
re-enter the community level as either condensed HIPVs, which
adsorb to plant surfaces with effects on various community members,
or as reaction products of volatiles and secondary organic aerosol
(SOA) particles, which also adsorb to plant surfaces with largely
unknown functions. In areas with NOx pollution the oxidation of
cVOCs and HIPVs is triggered by hydroxyl radicals (OH) and results in
several alkyl peroxy (RO2) radicals which lead to the conversion of
nitric oxide (NO) to nitrogen dioxide (NO2). In the presence of solar
radiation (yellow arrows) reactions are reversible releasing excited O
atoms, which can lead to ozone formation. Ozone can then react with
other VOCs in the atmosphere to form degradation products and SOA
via ozonolysis. Particle growth and formation of cloud condensation
nuclei (CCN) will then result in formation of cloud cover leading to
enhanced albedo and reduced solar radiation at the ground level. SOA
in the lower atmosphere may add diffusion of solar radiation and
improve light penetration in canopies. This atmospheric interaction will
feed into the ecosystem level through improving photosynthesis
efficiency, but also by facilitating a net cooling effect.
(10–20 nm) originating from α-pinene ozonolysis contain car-
boxylic acids, while larger particles (40 nm) have been shown to
have higher concentrations of carbonyl-containing compounds
and low molecular weight organic acids (Winkler et al., 2012).
Earlier studies have shown that carboxylic acids and organic acids
are repellent to aphids (Glinwood et al., 2003). It has also been
shown that very low concentrations of aldehydes and ketones can
be repellent to pollinating insects such as honey bees, (Mishra and
Sihag, 2009), while the precursor monoterpenes and sesquiter-
penes emitted by flowers are major floral attractants for bees
(Nieuwenhuizen et al., 2009). This indicates that the functional
role of plant emitted volatiles can be altered dramatically by
degradation in the atmosphere. It is also known that many of the
more volatile plant VOCs become less volatile in reactions with
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oxidants and atmospheric radicals (Kroll and Seinfeld, 2008).
This may also reduce their diffusion and drift away from leaf
boundary layers and increase their accumulation on the surfaces
of the releasing plant.
FORMATION OF OZONE FROM HIPVs AND OTHER VOCs
“Trees causemore pollution than automobiles do,” a famous quo-
tation from USA President Ronald Reagan in 1981, indeed is
partially right. When NO and NO2 (collectively, NOx) levels in
the atmosphere are high, as occurs in environments contaminated
by smoke and exhaust gases from fossil fuel combustion, VOC
oxidation increases ozone levels (Lerdau and Slobodkin, 2002).
Solar UV-radiation triggers the oxidation of VOCs by hydroxyl
radicals (OH·), which results in several alkyl peroxy (RO2·) and
hydroperoxy (HO2·) radicals. This will lead to the conversion
of NO to NO2, and thus, promotes O3 accumulation and the
efficient regeneration of the OH radical. Both O3 and OH radi-
cals can react with other VOCs in the atmosphere (Pinto et al.,
2010). In environments with cleaner air and low levels of atmo-
spheric NOx, oxidation of biogenic VOCs removes ozone from
the troposphere and promotes secondary aerosol formation by
ozonolysis (Lerdau and Slobodkin, 2002; Virtanen et al., 2010).
In forest environments, organic nitrates (RONO2) are formed
via reactions of isoprene, monoterpenes and sesquiterpenes with
NO3 radicals in the presence of OH radicals and NO. Organic
nitrates are removed from the air during precipitation events and
thus plant VOCs help to remove NOx from the lower troposphere
(Lerdau and Slobodkin, 2002). The depositions of organic nitro-
genmay influence nitrogen availability from soil to vegetation and
hence affect vegetation succession. On the other hand, organic
nitrates could also act as atmospheric reservoirs of NOx leading
to later formation of ozone and secondary organic aerosols (Pratt
et al., 2012).
The ability of plants to control and even promote the forma-
tion of phytotoxic ozone in the lower troposphere may benefit
plants e.g., by eliciting defense reactions which provide bet-
ter plant resistance against fungal pathogens and herbivores
(Sandermann et al., 1998). Cui et al. (2012) have shown that expo-
sure of tomato plants to elevated O3 reduced the fecundity and
prolonged the developmental time of whiteflies (Bemisia tabaci).
Reduced performance of whiteflies was related to up-regulated
pathogenesis-related protein (PR1) genes, increased phenylala-
nine ammonia-lyase enzyme activity and elevated concentrations
of salicylic acid (SA), phenolics and condensed tannins (Cui et al.,
2012). Elevated atmospheric O3 levels may cause slight reduc-
tion in plant growth, but plant fitness could be improved by
the reduced impact of aggressive plant pathogenic fungi such as
Drechslera teres on barley (Plessl et al., 2005). Furthermore, ele-
vated O3 limits hyphal growth, sporulation and germination of
conidia in many other plant pathogenic and saprophytic fungi
(Tzortzakis et al., 2008; Ozkan et al., 2011).
SECONDARY ORGANIC AEROSOLS (SOA)
In the atmosphere, nano-scale aerosol particles are typically
formed during the late morning and then grow throughout
the day with growth rates of 1–20 nm h−1 (Kulmala, 2003).
The smallest observed nucleating particles are 1 nm in diameter
(Riipinen et al., 2012; Kulmala et al., 2013). Nucleation may be
ion-induced or involve sulphuric acid or ammonia mixtures with
water for the growth of nanoparticles less than 5 nm in diame-
ter. The condensation of organic vapors in the particle size range
20–50 nm—mostly the oxidation products of plant VOCs—on
particle surfaces will have increasing importance to particle size
growth and several theories have been presented (Riipinen et al.,
2012). The chemistry of these processes is extremely complicated.
For example, an intact Scots pine seedling can emit 20 different
monoterpenes (Heijari et al., 2011) and a single monoterpene
of this blend, limonene, can form nearly 1200 different organic
compounds in atmospheric ozonolysis reactions (Kundu et al.,
2012). Finally, cloud condensation nuclei (CCN), are formed
when the particle diameter reaches 30–100 nm (Riipinen et al.,
2012) through addition of organic and sulphuric acid molecules.
Chamber experiments (Joutsensaari et al., 2005; Hao et al.,
2009; Virtanen et al., 2010) have shown that HIPVs emitted after
induction by chemical elicitors or mechanical damage can effi-
ciently react with O3 and OH leading to formation and growth
of atmospheric SOA particles. Insect damage to pine saplings
can increase the emission rates of reactive monoterpenes and
sesquiterpenes by up to 10-fold after bark feeding (Heijari et al.,
2011) and up to 16-fold after needle defoliation (Ghimire et al.,
2013). Recently there have been observations that in forest pest
outbreak areas HIPV emissions dominate and emission rates of
biogenic VOCs can increase by at least 4-fold in bark beetle out-
break areas compared to intact forests (Amin et al., 2012). This
substantial increase in reactive HIPVs may significantly increase
the atmospheric SOA concentrations in the affected areas (Berg
et al., 2012).
Earlier studies (Mercado et al., 2009) have shown that diffu-
sion of light by the higher particle concentrations in the atmo-
sphere may affect photosynthesis efficiency of global vegetation.
In forests the impact is caused by the better penetration of pho-
tosynthetically active light inside the tree canopy (Roderick et al.,
2001). Although, there is not any direct experimental evidence
that reactive HIPVs can increase light interception and improve
photosynthesis through SOA formed from reactive HIPVs, this
could potentially occur in insect outbreak areas. Enhanced pho-
tosynthesis rates will ultimately increase fitness of a plant, but in
plant communities the emissions of an individual plant will affect
the whole plant community or due to atmospheric drift of HIPVs
and SOA particles, most probably conspecific plant individuals in
other plant communities.
Some of the constitutively emitted plant VOCs may havemuch
longer life times in ozone-rich atmospheres than some HIPVs
that have life times of only a few minutes (Holopainen, 2011).
Such compounds include e.g., isoprene (1.3 d), the monoterpenes
camphene (18 d) and 1,8 cineole (110 d), and the sesquiterpene
longifolene (>33d) (Atkinson and Arey, 2003). The consequence
of this difference is that these constitutively emitted compounds
will drift longer distances than the HIPVs compounds. Therefore,
they cannot act as nucleation centers as easily as HIPV and
high concentrations of HIPVs will rapidly lead to nucleation and
formation of SOA particles (Joutsensaari et al., 2005; Virtanen
et al., 2010), and possibly stimulate CCN formation rates locally
(Riipinen et al., 2012).
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The behavior of SOA particles inside a canopy and their depo-
sition on plants and other surfaces is not yet sufficiently under-
stood (Holopainen, 2011; Carslaw et al., 2012). Semivolatile and
easily condensableHIPVs and other VOCswill condense on exter-
nal plant surfaces at temperatures of +12◦C and lower (Himanen
et al., 2010; Schaub et al., 2010). Leaf surfaces could be a good site
for ozonolysis reactions and for formation of secondary organic
particles, which may also detoxify ozone before stomatal uptake
Tuzet et al. (2011). The soil nitrate pool has been found to be an
important source of atmospheric nitric oxide (NO) and nitrous
acid (HONO) leading to atmospheric hydroxyl radical (OH) pro-
duction (Su et al., 2011). This observation suggests that reactions
of VOCs with OH inside the shady canopies and on leaf surfaces
of smaller plants closer to the soil surface could be more common
than earlier expected. These reactions may lead to formation of
SOA particles (Virtanen et al., 2010; Riipinen et al., 2012) even in
the boundary layer of plant leaves and stems.
PLANT EVOLUTION, HIPVs AND ATMOSPHERIC PROCESSES
Production of HIPVs, many of which are highly reactive in the
atmosphere, is an evolved response in many plant species under
biotic stress. When considering the chemical and physical prop-
erties of the HIPV compounds, a longer atmospheric life time
of the compounds could possibly attract natural enemies over
longer distances. However, the molecular concentration in the
atmosphere will in any case be rapidly reduced due to increased
distance from the point source of a damaged plant. The selection
of highly reactive compounds as attractive signals in indirect plant
defense does not necessarily maximize the attraction capacity of
HIPVs (McFrederick et al., 2009) or improve plant fitness (Hare,
2011). Therefore, additional potential traits which can be linked
to production of reactive HIPVs may give an alternative explana-
tion for the type of HIPV compounds that evolved. Conversely,
Peñuelas and Llusia (2004) proposed that an increase in biologi-
cal complexity of plant physiological processes during evolution
is one of the causes of the diversity of VOC emissions and their
emission is just an unavoidable trait as a result of their volatil-
ity. Volk (2003) also noted that feedback loops in the biosphere
contain segments based solely upon by-products of organisms’
metabolisms. According to Volk (2003) these were not metaboli-
cally evolved by organisms to be sent out into the environment for
altering its chemistry and do not represent a trait that was selected
during evolution by natural selection.
Increased emission of reactive HIPV compounds from plants
under biotic stress will inevitably lead to SOA formation as shown
experimentally (Joutsensaari et al., 2005) and in a modeling study
in insect outbreak areas (Berg et al., 2012). SOA particles can
grow by aggregation and by VOC vapor uptake to form cloud
condensation nuclei (CCN), which will have an impact on light
quality reaching vegetation, influence precipitation and affect the
amount of sunlight reflected to space (Riipinen et al., 2012).
The importance of SOA and other aerosols in controlling global
temperature and radiation balance has been convincingly shown
(Arneth et al., 2009). Recently, the results from large scale mea-
surement campaigns (Paasonen et al., 2013) suggested that VOCs
emitted from vegetation substantially increase sun-screening SOA
formation under climate warming. This biogenic VOC based
growth mechanism produces roughly 50% of particles at the size
of cloud condensation nuclei across Europe (Paasonen et al.,
2013). An important question that remains to be answered, is
whether HIPV have evolved to act as a part of a biosphere-
atmosphere feedback system that improves the abiotic growth
conditions of the plants under attack? This question prompts
a further question of whether a biogenic SOA related change
in environmental conditions to indirectly better defend against
biotic attackers comes anywhere close to the expenditure in terms
of VOCs and carbon used to create the change? If the costs of
a HIPV based biosphere-atmosphere feedback system are higher
than the improvement in fitness of the HIPV emitting individuals,
selection of the trait does not fall in line with natural selection in
a strict Darwinian sense (Moody, 2012), except perhaps in clonal
plants with a population distributed across large areas (DeWoody
et al., 2009).
Recent evolutionarymodels incorporate phenotypes expressed
in the external environment; however, there is still debate whether
such traits generate dynamics that alter evolution (Bailey, 2012).
Such models of extended phenotypes predict that the individual
carrying genes for the trait, which has an impact on the physi-
cal environment, may have effects on conspecifics including an
emitting individual’s own offspring or siblings, but also other
species (Bailey, 2012). These kinds of extended effects are par-
ticularly created by species known as ecosystem engineers (Jones
et al., 1994, 2010; Hastings et al., 2007) which by niche construc-
tion modify their own niche and those of other organisms e.g.,
through behavior or metabolic processes.
We suggest that high HIPV emission rate capacity of Boreal
conifer forest trees could be such a trait and that it may have an
impact on SOA formation in insect outbreak areas (Berg et al.,
2012). Higher atmospheric SOA density and associated cool-
ing effect could provide a stabilizing feedback (Lenton, 1998;
Paasonen et al., 2013) to protect conifer ecosystems against factors
such as global warming, insect outbreaks and spread of invasive
deciduous tree species related to warming (Kellomaki et al., 2001).
It is expected that current global warming will increase the fre-
quency of forest pest outbreaks at higher latitudes (Niemelä et al.,
2001), and warmer temperatures could substantially increase the
HIPV emission rates of affected conifer trees (Heijari et al., 2011;
Amin et al., 2012). However, it has not yet been shown if there
really is a negative feedback loop (Lenton, 1998; Lovelock, 2003)
related to insect outbreak areas, i.e., the cooling effect of HIPVs
through enhanced albedo byHIPV-induced SOA formation (Berg
et al., 2012), CCN formation (Paasonen et al., 2013) and finally
by improved cloud albedo. This cooling feedback loop would
reduce the frequency of forest pest outbreaks and relieve heat
stress of vegetation. More efficiently dispersed light may improve
photosynthesis, but cooling would counteract the light effect,
thus reducing photosynthesis rate and additionally reducing VOC
production and the protective role of HIPVs against pests and
pathogens.
WHERE DOES THE CARBON OF HIPVs GO?
To return to our original question; in this review we have tried
to demonstrate that the carbon fixed by a plant and then, par-
ticularly under biotic stress, released back to the atmosphere as
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volatile organic compounds, will have important roles in chemi-
cal, physical and biological processes during their life time. These
may be facilitated by the HIPV compounds originally synthesized
and emitted by a plant, or in the form of other chemical com-
pounds after atmospheric reactions of the HIPVs. So far, we know
only a fraction of the highly diverse potential routes and func-
tions that the VOCs emitted by plants may have. For example,
the carbon of highly volatile C10 monoterpenes and semivolatile
C15 sesquiterpenes in the atmosphere could be bound to freshly
nucleated SOA particles as a result of ozonolysis during the day
time or oxidized by reactions with NO3 at night. The secondary
organic aerosol particles formed from the same HIPV may have
different chemical composition and different biological functions
depending on the time of day during SOA formation. The size
of SOA particles in the atmosphere may also grow by adsorp-
tion of other organic vapors to their surface (Kroll and Seinfeld,
2008) or the particles could be influenced by solar UV irradiation
leading to the photolysis and formation of several oxygenated
C1–C3 compounds (Pan et al., 2009). The reactions could also
be reversible and low molecular mass carbon compounds may
react again to form larger carbon-based molecules. Finally the
carbon bound to the HIPV compounds will be oxidized to CO
or CO2 in the atmosphere (Kroll and Seinfeld, 2008) and may
again be utilized by plants in the process of photosynthesis, while
it could alternatively end up as organic polymers in the sediments
of terrestrial or aquatic ecosystems.
ACKNOWLEDGMENTS
We acknowledge the financial support from the Academy of
Finland (project nos. 133322, 251898 and 141053) and the
UEF spearhead project CABI. James D. Blande acknowledges
the European Science Foundation EUROCORES Programme
EuroVOL, which was supported by funds from the Academy of
Finland.
REFERENCES
Amin, H., Atkins, P. T., Russo, R.
S., Brown, A. W., Sive, B., Hallar,
A. G., et al. (2012). Effect of
bark beetle infestation on sec-
ondary organic aerosol precursor
emissions. Environ. Sci. Technol.
46, 5696–5703. doi: 10.1021/
es204205m
Angeles Lopez, Y. I., AngelicaMartinez-
Gallardo, N., Ramirez-Romero, R.,
Lopez, M. G., Sanchez-Hernandez,
C., and Paul Delano-Frier, J. (2012).
Cross-kingdom effects of plant-
plant signaling via volatile organic
compounds emitted by tomato
(Solanum lycopersicum) plants
infested by the greenhouse white-
fly (Trialeurodes vaporariorum).
J. Chem. Ecol. 38, 1376–1386. doi:
10.1007/s10886-012-0201-z
Arneth, A., and Niinemets, U. (2010).
Induced BVOCs: how to bug
our models? Trends Plant Sci. 15,
118–125. doi: 10.1016/j.tplants.
2009.12.004
Arneth, A., Unger, N., Kulmala,
M., and Andreae, M. O. (2009).
Clean the air, heat the planet?
Science 326, 672–673. doi: 10.1126/
science.1181568
Atkinson, R., and Arey, J. (2003).
Gas-phase tropospheric chemistry
of biogenic volatile organic com-
pounds: a review. Atmos. Environ.
37, S197–S219. doi: 10.1016/S1352-
231000391-1
Bailey, N. W. (2012). Evolutionary
models of extended phenotypes.
Trends Ecol. Evol. 27, 561–569. doi:
10.1016/j.tree.2012.05.011
Bamberger, I., Hoertnagl, L.,
Ruuskanen, T. M., Schnitzhofer,
R., Mueller, M., Graus, M., et al.
(2011). Deposition fluxes of ter-
penes over grassland. J. Geophys.
Res. Atmos. 116:D14305. doi:
10.1029/2010JD015457
Bartram, S., Jux, A., Gleixner,
G., and Boland, W. (2006).
Dynamic pathway allocation in
early terpenoid biosynthesis of
stress-induced lima bean leaves.
Phytochemistry 67, 1661–1672. doi:
10.1016/j.phytochem.2006.02.004
Behnke, K., Ehlting, B., Teuber, M.,
Bauerfeind, M., Louis, S., Hasch,
R., et al. (2007). Transgenic, non-
isoprene emitting poplars don’t
like it hot. Plant J. 51, 485–499.
doi: 10.1111/j.1365-313X.2007.
03157.x
Berg, A. R., Heald, C. L., Huff-Hartz,
K. E., Hallar, A. G., Meddens, A. J.
H., Hicke, J. A., et al. (2012). The
impact of bark beetle infestation
on monoterpene emissions and sec-
ondary organic aerosol formation
in Western North America. Atmos.
Chem. Phys. Disc. 12, 29763–29800.
doi: 10.5194/acp-13-3149-2013
Blande, J. D., Holopainen, J. K.,
and Li, T. (2010). Air pollution
impedes plant-to-plant commu-
nication by volatiles. Ecol. Lett.
13, 1172–1181. doi: 10.1111/
j.1461-0248.2010.01510.x
Blande, J. D., Korjus, M., and
Holopainen, J. K. (2010). Foliar
methyl salicylate emissions indi-
cate prolonged aphid infestation
on silver birch and black alder.
Tree Physiol. 30, 404–416. doi:
10.1093/treephys/tpp124
Blande, J. D., Tiiva, P., Oksanen, E.,
and Holopainen, J. K. (2007).
Emission of herbivore-induced
volatile terpenoids from two
hybrid aspen (Populus tremula
x tremuloides) clones under
ambient and elevated ozone con-
centrations in the field. Global
Change Biol. 13, 2538–2550. doi:
10.1111/j.1365-2486.2007.01453.x
Bruce, T. J. A., and Pickett, J. A.
(2011). Perception of plant
volatile blends by herbivorous
insects–finding the right mix.
Phytochemistry 72, 1605–1611. doi:
10.1016/j.phytochem.2011.04.011
Canosa-Mas, C., Duffy, J., King, M.,
Thompson, K., and Wayne, R.
(2002). The atmospheric chemistry
of methyl salicylate - reactions with
atomic chlorine and with ozone.
Atmos. Environ. 36, 2201–2205. doi:
10.1016/S1352-2310(02)00173-5
Carslaw, N., Mota, T., Jenkin, M. E.,
Barley, M. H., and McFiggans, G.
(2012). A significant role for nitrate
and peroxide groups on indoor sec-
ondary organic aerosol. Environ.
Sci. Technol. 46, 9290–9298. doi:
10.1021/es301350x
Clavijo McCormick, A., Unsicker, S.
B., and Gershenzon, J. (2012). The
specificity of herbivore-induced
plant volatiles in attracting her-
bivore enemies. Trends Plant
Sci. 17, 303–310. doi: 10.1016/
j.tplants.2012.03.012
Choh, Y., Shimoda, T., Ozawa, R.,
Dicke, M., and Takabayashi, J.
(2004). Exposure of lima bean
leaves to volatiles from herbivore-
induced conspecific plants results
in emission of carnivore attractants:
active or passive process? J. Chem.
Ecol. 30, 1305–1317. doi: 10.1023/
B:JOEC.0000037741.13402.19
Copolovici, L., Kaennaste, A., Remmel,
T., Vislap, V., and Niinemets, U.
(2011). Volatile emissions from
Alnus glutionosa induced by her-
bivory are quantitatively related
to the extent of damage. J. Chem.
Ecol. 37, 18–28. doi: 10.1007/
s10886-010-9897-9
Cui, H., Sun, Y., Su, J., Ren, Q., Li,
C., and Ge, F. (2012). Elevated
O3 reduces the fitness of Bemisia
tabaci via enhancement of the SA-
dependent defense of the tomato
plant. Arthropod-Plant Interact. 6,
425–437. doi: 10.1007/s11829-012-
9189-0
De Woody, J., Rickman, T. H., Jones,
B. E., and Hipkins, V. D. (2009).
Allozyme and microsatellite data
reveal small clone size and high
genetic diversity in aspen in the
southern Cascade Mountains. For.
Ecol. Manage. 258, 687–696. doi:
10.1016/j.foreco.2009.05.006
Degenhardt, J., Hiltpold, I., Koellner, T.
G., Frey, M., Gierl, A., Gershenzon,
J., et al. (2009). Restoring a maize
root signal that attracts insect-
killing nematodes to control a major
pest. Proc. Natl. Acad. Sci. U.S.A.
106, 13213–13218. doi: 10.1073/
pnas.0906365106
De Moraes, C. M., Mescher, M. C.,
and Tumlinson, J. H. (2001).
Caterpillar-induced nocturnal plant
volatiles repel conspecific females.
Nature 410, 577–580. doi: 10.1038/
35069058
Dicke, M. (2009). Behavioural and
community ecology of plants that
cry for help. Plant Cell Environ.
32, 654–665. doi: 10.1111/j.1365-
3040.2008.01913.x
Dicke, M., and Baldwin, I. T. (2010).
The evolutionary context for
herbivore-induced plant volatiles:
beyond the ‘cry for help’. Trends
Plant Sci. 15, 167–175. doi: 10.1016/
j.tplants.2009.12.002
Dicke, M., and Loreto, F. (2010).
Induced plant volatiles: from genes
to climate change. Trends Plant
Sci. 15, 115–117. doi: 10.1016/
j.tplants.2010.01.007
Frontiers in Plant Science | Plant-Microbe Interaction June 2013 | Volume 4 | Article 185 | 10
Holopainen and Blande Plant volatiles in the atmosphere
Dicke, M., and Sabelis, M. (1988).
How plants obtain predatory
mites as bodyguards. Neth. J.
Zool. 38, 148–165. doi: 10.1163/
156854288X00111
Dolch, R., and Tscharntke, T. (2000).
Defoliation of alders (Alnus gluti-
nosa) affects herbivory by leaf
beetles on undamaged neigh-
bours. Oecologia 125, 504–511. doi:
10.1007/s004420000482
Egigu, M. C., Ibrahim, M. A.,
Yahya, A., and Holopainen, J.
K. (2011). Cordeauxia edulis and
Rhododendron tomentosum extracts
disturb orientation and feeding
behavior of Hylobius abietis and
Phyllodecta laticollis. Entomol. Exp.
Appl. 138, 162–174. doi: 10.1111/
j.1570-7458.2010.01082.x
Engelberth, J., Alborn, H. T., Schmelz,
E. A. and Tumlinson, J. H. (2004).
Airborne signals prime plants
against insect herbivore attack.
Proc. Natl. Acad. Sci. U.S.A. 101,
1781–1785. doi: 10.1073/pnas.
0308037100
Erb, M., Lenk, C., Degenhardt, J.,
and Turlings, T. C. J. (2009). The
underestimated role of roots in
defense against leaf attackers. Trends
Plant Sci. 14, 653–659. doi: 10.1016/
j.tplants.2009.08.006
Evans, H., Stoakley, J., Leather, S., and
Watt, A. (1991). Development of
an integrated approach to control
of pine beauty moth in Scotland.
For. Ecol. Manage. 39, 19–28. doi:
10.1016/0378-1127(91)90158-R
Fatouros, N. E., Broekgaarden, C.,
Bukovinszkine’Kiss, G., van Loon,
J. J. A., Mumm, R., Huigens, M.
E., et al. (2008). Male-derived
butterfly anti-aphrodisiac mediates
induced indirect plant defense.
Proc. Natl. Acad. Sci. U.S.A. 105,
10033–10038. doi: 10.1073/pnas.
0707809105
Fatouros, N. E., Lucas-Barbosa, D.,
Weldegergis, B. T., Pashalidou, F.
G., van Loon, J. J. A., Dicke, M.,
et al. (2012). Plant volatiles induced
by herbivore egg deposition affect
insects of different trophic levels.
PLoS ONE 7:e43607. doi: 10.1371/
journal.pone.0043607
Frost, C. J., Appel, M., Carlson, J.
E., De Moraes, C. M., Mescher,
M. C., and Schultz, J. C. (2007).
Within-plant signalling via volatiles
overcomes vascular constraints
on systemic signalling and primes
responses against herbivores.
Ecol. Lett. 10, 490–498. doi:
10.1111/j.1461-0248.2007.01043.x
Frost, C. J., Mescher, M. C., Dervinis,
C., Davis, J. M., Carlson, J. E., and
De Moraes, C. M. (2008). Priming
defense genes and metabolites
in hybrid poplar by the green
leaf volatile cis-3-hexenyl acetate.
New Phytol. 180, 722–733. doi:
10.1111/j.1469-8137.2008.02599.x
Geervliet, J., Vet, L., and Dicke, M.
(1994). Volatiles from damaged
plants as major cues in long-range
host-searching by the specialist par-
asitoid cotesia rubecula. Entomol.
Exp. Appl. 73, 289–297. doi: 10.1111/
j.1570-7458.1994.tb01866.x
Ghimire, R., Markkanen, J. M.,
Kivimäenpää, M., Lyytikäinen-
Saarenmaa, P., and Holopainen,
J. K. (2013). Needle removal by
pine sawfly larvae increases branch-
level VOC emissions and reduces
below-ground emissions of Scots
pine. Environ. Sci. Technol. 47,
4325–4332. doi: 10.1021/es4006064
Ghirardo, A., Heller, W., Fladung,
M., Schnitzler, J., and Schroeder,
H. (2012). Function of defen-
sive volatiles in pedunculate oak
(Quercus robur) is tricked by
the moth Tortrix viridana. Plant
Cell Environ. 35, 2192–2207. doi:
10.1111/j.1365-3040.2012.02545.x
Giron-Calva, P. S., Molina-Torres,
J., and Heil, M. (2012). Volatile
dose and exposure time impact
perception in neighboring plants.
J. Chem. Ecol. 38, 226–228. doi:
10.1007/s10886-012-0072-3
Glinwood, R., Ahmed, E., Qvarfordt,
E., Ninkovic, V., and Pettersson,
J. (2009). Airborne interactions
between undamaged plants
of different cultivars affect
insect herbivores and natu-
ral enemies. Arthropod. Plant
Interact. 3, 215–224. doi: 10.1007/
s11829-009-9072-9
Glinwood, R., Ninkovic, V., Pettersson,
J., and Ahmed, E. (2004). Barley
exposed to aerial allelopathy from
thistles (Cirsium spp.) becomes less
acceptable to aphids. Ecol. Entomol.
29, 188–195. doi: 10.1111/j.0307-
6946.2004.00582.x
Glinwood, R., Pettersson, J., Ahmed,
E., Ninkovic, V., Birkett, M., and
Pickett, J. (2003). Change in accept-
ability of barley plants to aphids
after exposure to allelochemicals
from couch-grass (Elytrigia repens).
J. Chem. Ecol. 29, 261–274. doi:
10.1023/A:1022687025416
Gosset, V., Harmel, N., Göbel, C.,
Francis, F., Haubruge, E., Wathelet,
J.-P., et al. (2009). Attacks by a
piercing-sucking insect (Myzus
persicae Sultzer) or a chewing insect
(Leptinotarsa decemlineata Say) on
potato plants (Solanum tuberosum
L.) induce differential changes in
volatile compound release and
oxylipin synthesis. J. Exp. Bot. 60,
1231–1240. doi: 10.1093/jxb/erp015
Gouinguene, S. P., and Turlings, T. C.
J. (2002). The effects of abiotic fac-
tors on induced volatile emissions
in corn plants. Plant Physiol. 129,
1296–1307. doi: 10.1104/pp.001941
Hallquist, M., Wenger, J. C.,
Baltensperger, U., Rudich, Y.,
Simpson, D., Claeys, M., et al.
(2009). The formation, prop-
erties and impact of secondary
organic aerosol: current and
emerging issues. Atmos. Chem.
Phys. 9, 5155–5236. doi: 10.5194/
acp-9-5155-2009
Hao, L. Q., Yli-Pirila, P., Tiitta, P.,
Romakkaniemi, S., Vaattovaara, P.,
Kajos, M. K., et al. (2009). New par-
ticle formation from the oxidation
of direct emissions of pine seedlings.
Atmosph. Chem. Phys. 9, 8121–8137.
doi: 10.5194/acp-9-8121-2009
Hare, J. D. (2011). Ecological role
of volatiles produced by plants in
response to damage by herbivo-
rous insects. Annu. Rev. Entomol.
56, 161–180. doi: 10.1146/annurev-
ento-120709-144753
Hastings, A., Byers, J. E., Crooks, J.
A., Cuddington, K., Jones, C. G.,
Lambrinos, J. G., et al. (2007).
Ecosystem engineering in space and
time. Ecol. Lett. 10, 153–164. doi:
10.1111/j.1461-0248.2006.00997.x
Heijari, J., Blande, J. D., and
Holopainen, J. K. (2011). Feeding
of large pine weevil on Scots
pine stem triggers localised bark
and systemic shoot emission
of volatile organic compounds.
Environ. Exp. Bot. 71, 390–398. doi:
10.1016/j.envexpbot.2011.02.008
Heil, M., and Adame-Álvarez, R. M.
(2010). Short signalling distances
make plant communication a solil-
oquy. Biol. Lett. 6, 843–845. doi:
10.1098/rsbl.2010.0440
Heil, M., and Karban, R. (2010).
Explaining evolution of plant com-
munication by airborne signals.
Trends Ecol. Evol. 25, 137–144. doi:
10.1016/j.tree.2009.09.010
Heil, M., and Kost, C. (2006). Priming
of indirect defences. Ecol. Lett. 9,
813–817. doi: 10.1111/j.1461-0248.
2006.00932.x
Heil, M., Lion, U., and Boland, W.
(2008). Defence-inducing volatiles:
in search for the active motif.
J. Chem. Ecol. 34, 601–604. doi:
10.1007/s10886-008-9464-9
Heil, M., and Silva Bueno, J. C.
(2007). Within-plant signalling by
volatiles leads to induction and
priming of an indirect defense in
nature. Proc. Natl. Acad. Sci. U.S.A.
104, 5467–5472. doi: 10.1073/pnas.
0610266104
Himanen, S. J., Blande, J. D., Klemola,
T., Pulkkinen, J., Heijari, J., and
Holopainen, J. K. (2010). Birch
(Betula spp.) leaves adsorb and re-
release volatiles specific to neigh-
bouring plants - a mechanism for
associational herbivore resistance?
New Phytol. 186, 722–732. doi:
10.1111/j.1469-8137.2010.03220.x
Hoffmann, T., Odum, J., Bowman, F.,
Collins, D., Klockow, D., Flagan,
R., et al. (1997). Formation of
organic aerosols from the oxi-
dation of biogenic hydrocarbons.
J. Atmos. Chem. 26, 189–222. doi:
10.1023/A:1005734301837
Holopainen, J. K. (2011). Can for-
est trees compensate for stress-
generated growth losses by induced
production of volatile compounds?
Tree Physiol. 31, 1356–1377. doi:
10.1093/treephys/tpr111
Holopainen, J. K., and Gershenzon,
J. (2010). Multiple stress factors
and the emission of plant VOCs.
Trends Plant Sci. 15, 176–184. doi:
10.1016/j.tplants.2010.01.006
Holopainen, J. K., Nerg, A.-M., and
Blande, J. D. (2013). “Multitrophic
signaling in polluted atmospheres,”
in Biology, Controls and Models of
Tree Volatile Organic Compound
Emissions. Tree Physiology, eds
Ü. Niinemets and R. K. Monson
(Springer).
Huang, M., Sanchez-Moreiras, A. M.,
Abel, C., Sohrabi, R., Lee, S.,
Gershenzon, J., et al. (2012). The
major volatile organic compound
emitted from Arabidopsis thaliana
flowers, the sesquiterpene (E)-β-
caryophyllene, is a defense against
a bacterial pathogen. New Phytol.
193, 997–1008. doi: 10.1111/j.1469-
8137.2011.04001.x
Jansen, R. M. C., Wildt, J., Kappers, I.
F., Bouwmeester, H. J., Hofstee, J.
W., and van Henten, E. J. (2011).
Detection of diseased plants by anal-
ysis of volatile organic compound
emission. Annu. Rev. Phytopathol.
49, 157–174. doi: 10.1146/annurev-
phyto-072910-095227
Jones, C. G., Gutierrez, J. L., Byers, J.
E., Crooks, J. A., Lambrinos, J. G.,
and Talley, T. S. (2010). A frame-
work for understanding physical
ecosystem engineering by organ-
isms. Oikos 119, 1862–1869. doi:
10.1111/j.1600-0706.2010.18782.x
Jones, C. G., Lawton, J. H., and
Shachak, M. (1994). Organisms
as ecosystem engineers. Oikos 69,
373–386.
Joutsensaari, J., Loivamaki, M.,
Vuorinen, T., Miettinen, P., Nerg, A.
M., Holopainen, J. K., et al. (2005).
Nanoparticle formation by ozonol-
ysis of inducible plant volatiles.
Atmosph. Chem. Phys. 5, 1489–1495.
doi: 10.5194/acp-5-1489-2005
www.frontiersin.org June 2013 | Volume 4 | Article 185 | 11
Holopainen and Blande Plant volatiles in the atmosphere
Karban, R., Maron, J., Felton, G.
W., Ervin, G., and Eichenseer,
H. (2003). Herbivore damage
to sagebrush induces resistance
in wild tobacco: evidence for
eavesdropping between plants.
Oikos 100, 325–332. doi: 10.1034/
j.1600-0706.2003.12075.x
Karban, R., Shiojiri, K., Huntzinger,
M., and McCall, A. C. (2006).
Damage-induced resistance in sage-
brush: volatiles are key to intra- and
interplant communication. Ecology
87, 922–930. doi: 10.1890/0012-
965887[922:DRISVA]2.0.CO;2
Karban, R., and Shiojiri, K. (2009). Self-
recognition affects plant communi-
cation and defense. Ecol. Lett. 12,
502–506. doi: 10.1111/j.1461-0248.
2009.01313.x
Karban, R., Shiojiri, K., Ishizaki, S.,
Wetzel, W. C., and Evans, R. Y.
(2013). Kin recognition affects plant
communication and defence. Proc.
R. Soc. B Biol. Sci. 280, 1471–2954.
doi: 10.1098/rspb.2012.3062
Kellomaki, S., Rouvinen, I., Peltola, H.,
Strandman, H., and Steinbrecher, R.
(2001). Impact of global warming
on the tree species composition of
boreal forests in Finland and effects
on emissions of isoprenoids. Global
Change Biol. 7, 531–544.
Kessler, A., Halitschke, R., Diezel,
C., and Baldwin, I. T. (2006).
Priming of plant defense responses
in nature by airborne signaling
between Artemisia tridentata and
Nicotiana attenuata. Oecologia 148,
280–292. doi: 10.1007/s00442-006-
0365-8
Kessler, A., and Baldwin, I. T.
(2001). Defensive function of
herbivore-induced plant volatile
emissions in nature. Science 291,
2141–2144. doi: 10.1126/science.
291.5511.2141
Kiendler-Scharr, A., Wildt, J., DalMaso,
M., Hohaus, T., Kleist, E., Mentel,
T.F., et al. (2009). New parti-
cle formation in forests inhibited
by isoprene emissions. Nature 461,
381–384. doi: 10.1038/nature08292
Kivimaenpää, M., Magsarjav, N.,
Ghimire, R., Markkanen, J., Heijari,
J., Vuorinen, M., et al. (2012).
Influence of tree provenance on
biogenic VOC emissions of Scots
pine (Pinus sylvestris) stumps.
Atmos. Environ. 60, 477–485. doi:
10.1016/j.atmosenv.2012.07.018
Kost, C., and Heil, M. (2006).
Herbivore-induced plant volatiles
induce an indirect defence in neigh-
bouring plants. J. Ecol. 94, 619–628.
doi: 10.1016/j.bbalip.2005.03.001
Kroll, J. H., and Seinfeld, J. H. (2008).
Chemistry of secondary organic
aerosol: formation and evolution
of low-volatility organics in the
atmosphere. Atmos. Environ.
42, 3593–3624. doi: 10.1016/
j.atmosenv.2008.01.003
Kulmala, M. (2003). How parti-
cles nucleate and grow. Science
302, 1000–1001. doi: 10.1126/
science.1090848
Kulmala, M., Kontkanen, J., Junninen,
H., Lehtipalo, K., Manninen, H. E.,
Nieminen, T., et al. (2013). Direct
observations of atmospheric aerosol
nucleation. Science 339, 943–946.
doi: 10.1126/science.1227385
Kundu, S., Fisseha, R., Putman, A.
L., Rahn, T. A., and Mazzoleni,
L. R. (2012). High molecular
weight SOA formation during
limonene ozonolysis: insights from
ultrahigh-resolution FT-ICR mass
spectrometry characterization.
Atmos. Chem. Phys. 12, 5523–5536.
doi: 10.5194/acpd-12-2167-2012
Laothawornkitkul, J., Taylor, J. E., Paul,
N. D., and Hewitt, C. N. (2009).
Biogenic volatile organic com-
pounds in the Earth system. New
Phytol. 183, 27–51. doi: 10.1111/
j.1469-8137.2009.02859.x
Lenton, T. (1998). Gaia and natural
selection. Nature 394, 439–447. doi:
10.1038/28792
Lerdau, M., and Slobodkin, K. (2002).
Trace gas emissions and species-
dependent ecosystem services.
Trends Ecol. Evol. 17, 309–312. doi:
10.1016/S0169-534702535-1
Li, T., Holopainen, J. K., Kokko,
H., Tervahauta, A. I., and Blande,
J. D. (2012). Herbivore-induced
aspen volatiles temporally regulate
two different indirect defences in
neighbouring plants. Func. Ecol.
26, 1176–1185. doi: 10.1111/j.1365-
2435.2012.01984.x
Little, D., Gouhier-Darimont, C.,
Bruessow, F., and Reymond, P.
(2007). Oviposition by Pierid but-
terflies triggers defense responses
in Arabidopsis. Plant Physiol.
143, 784–800. doi: 10.1104/
pp.106.090837
Loreto, F., and Schnitzler, J. P.
(2010). Abiotic stresses and
induced BVOCs. Trends Plant
Sci. 15, 154–166. doi: 10.1016/
j.tplants.2009.12.006
Lovelock, J. (2003). The living Earth.
Nature 426, 769–770. doi: 10.1038/
426769a
Maffei, M. E. (2010). Sites of syn-
thesis, biochemistry and functional
role of plant volatiles. South Afr.
J. Bot. 76, 612–631. doi: 10.1016/
j.sajb.2010.03.003
Manninen, A., Holopainen, T., and
Holopainen, J. (1998). Susceptibility
of ectomycorrhizal and nonmycor-
rhizal Scots pine (Pinus sylvestris)
seedlings to a generalist insect her-
bivore, Lygus rugulipennis, at two
nitrogen availability levels. New
Phytol. 140, 55–63. doi: 10.1046/
j.1469-8137.1998.00246.x
Mattiacci, L., and Dicke, M. (1995).
Host-age discrimination during
host location by Cotesia glomer-
ata, a larval parasitoid of Pieris
brassicae. Entomol. Exp. Appl.
76, 37–48. doi: 10.1111/j.1570-
7458.1995.tb01944.x
Mauck, K. E., De Moraes, C. M., and
Mescher, M. C. (2010). Deceptive
chemical signals induced by a
plant virus attract insect vectors
to inferior hosts. Proc. Natl. Acad.
Sci. U.S.A. 107, 3600–3605. doi:
10.1073/pnas.0907191107
McFrederick, Q. S., Fuentes, J. D.,
Roulston, T., Kathilankal, J. C., and
Lerdau, M. (2009). Effects of air pol-
lution on biogenic volatiles and eco-
logical interactions. Oecologia 160,
411–420. doi: 10.1007/s00442-009-
1318-9
Mentel, T. F., Wildt, J., Kiendler-
Scharr, A., Kleist, E., Tillmann,
R., Dal Maso, M., et al. (2009).
Photochemical production of
aerosols from real plant emissions.
Atmos. Chem. Phys. 9, 4387–4406.
doi: 10.5194/acpd-9-3041-2009
Mercado, L. M., Bellouin, N., Sitch,
S., Boucher, O., Huntingford, C.,
Wild, M., et al. (2009). Impact of
changes in diffuse radiation on the
global land carbon sink.Nature 458,
1014–U87. doi: 10.1038/nature
07949
Mishra, S., and Sihag, R. C. (2009).
Efficacy of some chemicals as repel-
lents against two honey bee species,
Apis mellifera L. and Apis florea F.
in semi-field trials. J. Apic. Sci. 53,
53–66.
Mithofer, A., Wanner, G., and Boland,
W. (2005). Effects of feeding
Spodoptera littoralis on lima bean
leaves. II. Continuous mechanical
wounding resembling insect feeding
is sufficient to elicit herbivory-
related volatile emission. Plant
Physiol. 137, 1160–1168. doi:
10.1104/pp.104.054460
Moody, D. E. (2012). Seven misconcep-
tions regarding the Gaia hypothe-
sis. Clim. Change 113, 277–284. doi:
10.1007/s10584-011-0382-4
Niemelä, P., Chapin, F., Danell, K.,
and Bryant, J. (2001). Herbivory-
mediated responses of selected
boreal forests to climatic change.
Clim. Change 48, 427–440. doi:
10.1023/A:1010787714349
Nieuwenhuizen, N. J., Wang, M. Y.,
Matich, A. J., Green, S. A., Chen,
X., Yauk, Y., et al. (2009). Two
terpene synthases are responsible
for the major sesquiterpenes emit-
ted from the flowers of kiwifruit
(Actinidia deliciosa). J. Exp. Bot. 60,
3203–3219. doi: 10.1093/jxb/erp162
Niinemets, U., Loreto, F., and
Reichstein, M. (2004). Physiological
and physicochemical controls
on foliar volatile organic com-
pound emissions. Trends Plant
Sci. 9, 180–186. doi: 10.1016/
j.tplants.2004.02.006
Noe, S. M., Copolovici, L., Niinemets,
U., and Vaino, E. (2008). Foliar
limonene uptake scales posi-
tively with leaf lipid content:
“non-emitting” species absorb
and release monoterpenes. Plant
Biol. 10, 129–137. doi: 10.1055/
s-2007-965239
Ozkan, R., Smilanick, J. L., and
Karabulut, O. A. (2011). Toxicity of
ozone gas to conidia of Penicillium
digitatum, Penicillium italicum, and
Botrytis cinerea and control of gray
mold on table grapes. Postharvest
Biol. Technol. 60, 47–51. doi:
10.1016/j.postharvbio.2010.12.004
Paasonen, P., Asmi, A., Petäjä, T., Kajos,
M. K., Äijälä, M., Junninen, H., et al.
(2013). Warming-induced increase
in aerosol number concentration
likely to moderate climate change.
Nature. Geosci. 6, 438–442. doi:
10.1038/ngeo1800
Pan, X., Underwood, J. S., Xing, J.-
., Mang, S. A., and Nizkorodov,
S. A. (2009). Photodegradation of
secondary organic aerosol gener-
ated from limonene oxidation by
ozone studied with chemical ion-
ization mass spectrometry. Atmos.
Chem. Phys. 9, 3851–3865. doi:
10.5194/acp-9-3851-2009
Pareja, M., Mohib, A., Birkett, M. A.,
Dufour, S., and Glinwood, R. T.
(2009). Multivariate statistics cou-
pled to generalized linear mod-
els reveal complex use of chem-
ical cues by a parasitoid. Animal
Behav. 77, 901–909. doi: 10.1016/
j.anbehav.2008.12.016
Peñuelas, J., and Llusia, J. (2004).
Plant VOC emissions: making use
of the unavoidable. Trends Ecol.
Evol. 19, 402–404. doi: 10.1016/
j.tree.2004.06.002
Peñuelas, J., and Staudt, M. (2010).
BVOCs and global change. Trends
in Plant Science 15, 133–144. doi:
10.1016/j.tplants.2009.12.005
Pinto, D. M., Blande, J. D., Nykänen,
R., Dong, W. X., Nerg, A.-M., and
Holopainen, J. K. (2007a). Ozone
degrades common herbivore-
induced plant volatiles: does this
affect herbivore prey location by
predators and parasitoids? J. Chem.
Ecol. 33, 683–684. doi: 10.1007/
s10886-007-9255-8
Frontiers in Plant Science | Plant-Microbe Interaction June 2013 | Volume 4 | Article 185 | 12
Holopainen and Blande Plant volatiles in the atmosphere
Pinto, D. M., Nerg, A.-M., and
Holopainen, J. K. (2007b). The
role of ozone-reactive compounds,
terpenes, and green leaf volatiles
(GLVs), in the orientation of
Cotesia plutellae. J. Chem. Ecol.
33, 2218–2228. doi: 10.1007/
s10886-007-9376-0
Pinto, D. M., Blande, J. D., Souza, S.
R., Nerg, A., and Holopainen, J. K.
(2010). Plant volatile organic com-
pounds (VOCs) in ozone (O3) pol-
luted atmospheres: the ecological
effects. J. Chem. Ecol. 36, 22–34. doi:
10.1007/s10886-009-9732-3
Plessl, M., Heller, W., Payer, H., Elstner,
E., Habermeyer, J., and Heiser,
I. (2005). Growth parameters and
resistance against Drechslera teres
of spring barley (Hordeum vulgare
L. cv. Scarlett) grown at elevated
ozone and carbon dioxide concen-
trations. Plant Biol. 7, 694–705. doi:
10.1055/s-2005-873002
Pratt, K. A., Mielke, L. H., Shepson,
P. B., Bryan, A. M., Steiner,
A. L., Ortega, J., et al. (2012).
Contributions of individual reactive
biogenic volatile organic com-
pounds to organic nitrates above a
mixed forest. Atmos. Chem. Phys.
12, 10125–10143. doi: 10.5194/
acp-12-10125-2012
Rasmann, S., Kollner, T., Degenhardt,
J., Hiltpold, I., Toepfer, S.,
Kuhlmann, U., et al. (2005).
Recruitment of entomopathogenic
nematodes by insect-damaged
maize roots. Nature 434, 732–737.
doi: 10.1038/nature03451
Riipinen, I., Yli-Juuti, T., Pierce, J. R.,
Petäjä, T., Worsnop, D. R., Kulmala,
M., et al. (2012). The contribu-
tion of organics to atmospheric
nanoparticle growth. Nat. Geosci. 5,
453–458. doi: 10.1038/ngeo1499
Roda, A., Halitschke, R., Steppuhn,
A., and Baldwin, I. T. (2004).
Individual variability in herbivore-
specific elicitors from the plant’s
perspective. Molecular Ecology
13, 2421–2433. doi: 10.1111/
j.1365-294X.2004.02260.x
Roderick, M. L., Farquhar, G. D., Berry,
S. L., and Noble, I. R. (2001).
On the direct effect of clouds and
atmospheric particles on the pro-
ductivity and structure of vege-
tation. Oecologia 129, 21–30. doi:
10.1007/s004420100760
Rodriguez-Saona, C. R., Rodriguez-
Saona, L. E., and Frost, C. J. (2009).
Herbivore-induced volatiles in the
perennial shrub, Vaccinium corym-
bosum, and their role in inter-
branch signaling. J. Chem. Ecol. 35,
163–175. doi: 10.1007/s10886-008-
9579-z
Sandermann, H., Ernst, D., Heller, W.,
and Langebartels, C. (1998). Ozone:
an abiotic elicitor of plant defence
reactions. Trends Plant Sci. 3, 47–50.
doi: 10.1016/S1360-138501162-X
Schaub, A., Blande, J. D., Graus, M.,
Oksanen, E., Holopainen, J. K., and
Hansel, A. (2010). Real-time moni-
toring of herbivore induced volatile
emissions in the field. Physiol.
Plantarum 138, 123–133. doi:
10.1111/j.1399-3054.2009.01322.x
Schausberger, P., Peneder, S., Juerschik,
S., and Hoffmann, D. (2012).
Mycorrhiza changes plant volatiles
to attract spider mite enemies.
Funct. Ecol. 26, 441–449. doi:
10.1111/j.1365-2435.2011.01947.x
Shiojiri, K., Ozawa, R., Matsui, K.,
Kishimoto, K., Kugimaya, S., and
Takabayashi, J. (2006). Role of the
lipoxygenase/lyase pathway of host-
food plants in the host searching
behavior of two parasitoid species,
Cotesia glomerata and Cotesia plutel-
lae. J. Chem. Ecol. 32, 969–979. doi:
10.1007/s10886-006-9047-6
Shiojiri, K., Karban, R., and Ishizaki,
S. (2009). Volatile communication
among sagebrush branches affects
herbivory: timing of active cues.
Arthropod. Plant Interact. 3, 99–104.
doi: 10.1007/s11829-009-9060-0
Su, H., Cheng, Y., Oswald, R., Behrendt,
T., Trebs, I., Meixner, F. X., et al.
(2011). Soil nitrite as a source of
atmospheric HONO and OH rad-
icals. Science 333, 1616–1618. doi:
10.1126/science.1207687
Sun, J., Huang, L., and Wang, C.
(2012). Electrophysiological and
behavioral responses of Helicoverpa
assulta (Lepidoptera: Noctuidae)
to tobacco volatiles. Arthropod.
Plant Interact. 6, 375–384. doi:
10.1007/s11829-012-9190-7
Takabayashi, J., Takahashi, S., Dicke,
M., and Posthumus, M. A. (1995).
Developmental stage of herbivore
Pseudaletia separata affects pro-
duction of herbivore-induced syn-
omone by corn plants. J. Chem.
Ecol. 21, 273–287. doi: 10.1007/
BF02036717
Toome, M., Randjarv, P., Copolovici,
L., Niinemets, U., Heinsoo, K., Luik,
A., et al. (2010). Leaf rust induced
volatile organic compounds sig-
nalling in willow during the infec-
tion. Planta 232, 235–243. doi:
10.1007/s00425-010-1169-y
Tsao, R., and Zhou, T. (2000).
Antifungal activity of monoter-
penoids against postharvest
pathogens Botrytis cinerea and
Monilinia fructicola. J. Essent. Oil
Res. 12, 113–121. doi: 10.1080/
10412905.2000.9712057
Turlings, T. C. J., Tumlinson, J. H., and
Lewis, W. J. (1990). Exploitation of
herbivore-induced plant odors by
host-seeking parasitic wasps. Science
250, 1251–1253. doi: 10.1126/sci-
ence.250.4985.1251
Tuzet, A., Perrier, A., Loubet, B.,
and Cellier, P. (2011). Modelling
ozone deposition fluxes: the rel-
ative roles of deposition and
detoxification processes. Agric.
For. Meteorol. 151, 480–492. doi:
10.1016/j.agrformet.2010.12.004
Tzortzakis, N., Singleton, I., and
Barnes, J. (2008). Impact of
low-level atmospheric ozone-
enrichment on black spot and
anthracnose rot of tomato fruit.
Postharvest Biol. Technol. 47,
1–9. doi: 10.1016/j.postharvbio.
2007.06.004
Van den Boom, C., van Beek, T.,
and Dicke, M. (2002). Attraction
of Phytoseiulus persimilis (Acari:
Phytoseiidae) towards volatiles from
various Tetranychus urticae-infested
plant species. Bull. Entomol. Res. 92,
539–546. doi: 10.1079/BER2002193
Van den Boom, C., van Beek, T.,
Posthumus, M., De Groot,
A., and Dicke, M. (2004).
Qualitative and quantitative
variation among volatile pro-
files induced by Tetranychus
urticae feeding on plants from
various families. J. Chem.
Ecol. 30, 69–89. doi: 10.1023/
B:JOEC.0000013183.72915.99
van Tol, R., van der Sommen, A., Boff,
M., van Bezooijen, J., Sabelis, M.,
and Smits, P. (2001). Plants protect
their roots by alerting the enemies of
grubs. Ecol. Lett. 4, 292–294.
Vinson, S. B. (1976). Host selection
by insect parasitoids. Annu. Rev.
Entomol. 21, 109–133. doi: 10.1146/
annurev.en.21.010176.000545
Virtanen, A., Joutsensaari, J., Koop, T.,
Kannosto, J., Yli-Pirilä, P., Leskinen,
J., et al. (2010). An amorphous solid
state of biogenic secondary organic
aerosol particles. Nature 467,
824–827. doi: 10.1038/nature09455
Volk, T. (2003). Natural selection, Gaia,
and inadvertent by-products - a
reply to Lenton and Wilkinson’s
response. Clim. Change 58, 13–19.
doi: 10.1023/A:1023463510624
Vuorinen, T., Nerg, A., Ibrahim,
M., Reddy, G., and Holopainen,
J. (2004). Emission of Plutella
xylostella-induced compounds
from cabbages grown at elevated
CO2 and orientation behavior
of the natural enemies. Plant
Physiol. 135, 1984–1992. doi:
10.1104/pp.104.047084
Webster, B. (2012). The role of
olfaction in aphid host location.
Physiol. Entomol. 37, 10–18. doi:
10.1111/j.1365-3032.2011.00791.x
Webster, B., Bruce, T., Pickett, J., and
Hardie, J. (2010). Volatiles func-
tioning as host cues in a blend
become nonhost cues when pre-
sented alone to the black bean
aphid. Anim. Behav. 79, 451–457.
doi: 10.1016/j.anbehav.2009.11.028
Winkler, P. M., Ortega, J., Karl,
T., Cappellin, L., Friedli, H.
R., Barsanti, K., et al. (2012).
Identification of the biogenic
compounds responsible for size-
dependent nanoparticle growth.
Geophys. Res. Lett. 39, L20815. doi:
10.1029/2012GL053253
Xiao, Y., Wang, Q., Erb, M., Turlings,
T. C. J., Ge, L., Hu, L., et al. (2012).
Specific herbivore-induced volatiles
defend plants and determine insect
community composition in the
field. Ecol. Lett. 15, 1130–1139. doi:
10.1111/j.1461-0248.2012.01835.x
Yi, H., Heil, M., Adame-Alvarez,
R. M., Ballhorn, D. J., and Ryu,
C. (2009). Airborne induction
and priming of plant defenses
against a bacterial pathogen. Plant
Physiol. 151, 2152–2161. doi:
10.1104/pp.109.144782
Yuan, J. S., Himanen, S. J., Holopainen,
J. K., Chen, F., and Stewart, C.
N. (2009). Smelling global climate
change: mitigation of function for
plant volatile organic compounds.
Trends Ecol. Evol. 24, 323–331. doi:
10.1016/j.tree.2009.01.012
Zebelo, S. A., Matsui, K., Ozawa, R.,
and Maffei, M. E. (2012). Plasma
membrane potential depolarization
and cytosolic calcium flux are early
events involved in tomato (Solanum
lycopersicon) plant-to-plant com-
munication. Plant Sci. 196, 93–100.
doi: 10.1016/j.plantsci.2012.08.006.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 28 February 2013; accepted:
22 May 2013; published online: 11 June
2013.
Citation: Holopainen JK and Blande
JD (2013) Where do herbivore-induced
plant volatiles go? Front. Plant Sci. 4:185.
doi: 10.3389/fpls.2013.00185
This article was submitted to Frontiers in
Plant-Microbe Interaction, a specialty of
Frontiers in Plant Science.
Copyright © 2013 Holopainen and
Blande. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.
www.frontiersin.org June 2013 | Volume 4 | Article 185 | 13
